Abstract: Epidemiological studies have suggested that cola beverage consumption may affect bone metabolism and increase bone fracture risk. Experimental evidence linking cola beverage consumption to deleterious effects on bone is lacking. Herein, we investigated whether cola beverage consumption from weaning to early puberty delays the rate of reparative bone formation inside the socket of an extracted tooth in rats. Twenty male Wistar rats received cola beverage (cola group) or tap water (control group) ad libitum from the age of 23 days until tooth extraction at 42 days and euthanasia 2 and 3 weeks later. The neoformed bone volume inside the alveolar socket was estimated in semi-serial longitudinal sections using a quantitative differential point-counting method. Histological examination suggested a decrease in the osteogenic process within the tooth sockets of rats from both cola groups, which had thinner and sparser new bone trabeculae. Histometric data confirmed that alveolar bone healing was significantly delayed in cola-fed rats at three weeks after tooth extraction (ANOVA, p = 0.0006, followed by Tukey's test, p < 0.01). Although the results of studies in rats cannot be extrapolated directly to human clinical dentistry, the present study provides evidence that cola beverage consumption negatively affect maxillary bone formation.
Introduction
A number of risk factors may negatively affect bone metabolism and predispose to fracture, including the excessive consumption of carbonated beverages. 1, 2 Experimental evidence showing an association between cola beverage intake and bone metabolism disorders come primarily from worldwide epidemiological studies showing that increased cola beverage intake is associated with reduced bone mineral accrual, increased bone fracture risk at any age and an increased risk of osteoporosis later in life. For example, a study that combined medical stories with foodfrequency questionnaires from American adolescents revealed a strong association between cola beverage consumption and bone fractures in girls. 3 A cross-sectional observational study carried out in Northern Ireland also showed an inverse relationship between the intake of carbonated soft drinks and bone mineral density in the heels of girls between the ages of 12 to 15 years. 4 A study of a large Tasmanian cohort showed an association between cola beverage consumption and increased risk of wrist and forearm fracture in boys and girls between the ages of 9 and 16 years. 5 In Denmark, a recent investigation of blood and urinary markers of calcium homeostasis and bone turnover in young men between the ages of 22 and 29 years confirmed that cola beverage intake may negatively impact bone metabolism. 6 A Framingham Osteoporosis Study, a long-term study in the United States, revealed that cola intake was associated with low bone mineral density in women's hips. 7 Experimental evidence linking cola beverage consumption to effects on bone is lacking. Acute ingestion of cola drinks for seven days causes plasma and urinary signs of disrupted calcium and phosphate metabolism, which are more severe in immature (30-day-old) than in adult (90-day-old) rats. 8 Diminished femoral mineralization was observed in ovariectomized rats 9 and in normal male and female rats 10 submitted to prolonged ingestion of cola beverages. Investigations carried out in humans 7 and in animal models 9 confirm that different bones respond in a distinct manner when exposed to adverse conditions, including cola beverage intake. To the best of our knowledge, none of the epidemiological or experimental studies to date have reported the effect of cola beverage consumption on alveolar bone, a bone region of major interest in dentistry. Filling of an extracted tooth socket by neoformed bone can be used experimentally to investigate the metabolism of alveolar bone under specific conditions. The present study is a histometric investigation of whether cola beverage consumption from weaning to early puberty delays alveolar bone formation in rats.
Materials and Methods
Twenty weaning 23-day-old male Wistar rats were housed in a climate-controlled room (12 h light, 23-25°C) with free access to laboratory chow plus cola beverage (cola groups) or water (control groups) (5 animals per plastic box measuring 40 x 32 x 17 cm). Known amounts of solid food and liquid (tap water or cola beverage) were offered once a week and their consumption was estimated per cage during a 24 h period; the mean body weights of five animals in each cage were then calculated, and the amount of liquid and food ingested per 100 g of body weight were estimated.
At the age of 42 days the rats were anaesthetized by intraperitoneal injection of ketamine hydrochloride (União Química Farmacêutica Nacional S/A, Embu-Guaçu, SP, Brazil; 75 mg/kg) and xylazine (Laboratórios Calier do Brasil Ltda., São Paulo, SP, Brazil; 10 mg/kg) and the upper right incisors were extracted with a forceps after disconnecting the surrounding gingiva and luxation with the cutting edge of an enamel hatchet. After the tooth was extracted, the wounds were sutured with mononylon 4-0 (Ethicon, Johnson & Johnson, São José dos Campos, SP, Brazil) and a single dose of antibiotic (0.2 mL/rat, intramuscularly: Pentabiótico Veterinário, Wyeth, São Bernardo do Campo, SP, Brazil) was administered.
The animals were euthanized at either two or three weeks postoperatively (early puberty, n = 5 per group) with an intraperitoneal overdose of anesthetic. All procedures were conducted in compliance with ethical principles for animal research (Protocol 05.1.242.53.1).
Immediately after death, the heads were immersed in 10% formalin solution for 48 h, and the maxillae were dissected away, decalcified (6 days in a solution containing 20% sodium citrate and 30% formic acid, replaced every 2 days) and processed for paraffin embedding. Semi-serial longitudinal 6-µm-thick sections of the alveolar sockets were cut at 60-µm intervals and stained with hematoxylin and eosin.
The healing process, which consists of a gradual replacement of connective tissue by bone trabeculae in this phase, was estimated by new bone volume fraction (% bone trabeculae relative to bone trabeculae plus connective tissue) using optical microscopy with a digital camera for image capture (Axio Star Plus and Axiovision; Zeiss; Germany) and a public domain histometry software (Image J, USA). A total of between 1,000-1,400 points were counted in 5-6 histological sections per alveolus (total area measured 5.2-6.3 x 10 3 µm 2 , final magnification 100 X), with the percentage of points lying on bone trabeculae being proportional to their volume density. The measurements were made blindly by one investigator and were standardized in the apical alveolar third to avoid interference due to regional differences in the rate of bone healing.
Differences between the experimental and control groups were analyzed by one way ANOVA followed by Tukey's multiple comparison test after the D'Agostino and Pearson normality test showed a normal distribution of sample data (GraphPad Prism 4 software, p < 0.05 for statistical significance).
Results
Histological examination carried out in control rats two weeks after the tooth extraction showed the alveolar socket occupied by mature connective tissue and delicate bone trabeculae lined with osteoblasts ( Figure 1A) , which formed from the inner surfaces of the alveolar walls. Blood clot remnants were still observed, mainly in the central region. By the third week, most of the socket was filled with a network of thicker trabecular bone in control rats ( Figure  1B ). Relative to the respective controls, the osteogenic process appeared to be delayed in the socket of cola consuming rats at either two or three weeks after tooth extraction (Figures 1 C, D) , in which new bone trabeculae appeared thinner and sparser.
Histometric data confirmed the histological observation that cola beverage consumption was associated with a significant delay in alveolar bone formation (one way ANOVA, p = 0.0006). A 27.60% decrease in the mean percentage of new bone trabeculae was observed in cola beverage consuming rats three weeks after tooth extraction (p < 0.01). Bone healing decreased by 25.75% in cola beverage consuming rats two weeks after tooth extraction, Figure 1 -Alveolar apical third of rats from the control groups at two (A) and three (B) weeks after tooth extraction and from the cola consuming groups at two (C) and three (D) weeks after tooth extraction. Note the neoformed bone trabeculae (BT) and blood clot remnants (BC) inside the alveolar socket (Hematoxylin and Eosin, 100 X).
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but the difference was not statistically significant (p > 0.05) (Graph 1).
Discussion
In the present study, the intra-alveolar bone healing in control rats closely resembled data in the literature. 11 Briefly, after tooth extraction the socket fills with a blood clot, which is progressively invaded by capillary sprouting and fibroblasts originating from periodontal ligament remnants. During this process, the coagulum is gradually absorbed and replaced by immature connective tissue, the amount of inflammatory cell and blood vessels decreases and the osteoblasts become evident. The osteoblasts initially synthesize an immature bone matrix (osteoid) which is further mineralized by calcium deposition as hydroxyapatite crystals. The alveolar bone neoformation propagates from the apical and lateral walls towards the center and the healing process culminates with the filling of the dental socket by trabecular bone. 11, 12 Studies in rats have confirmed that maximal bone formation 13 and maximal bone mineral density 12 occur by the end of the second week after tooth extraction, the first period chosen for bone healing measurement in the present study.
Treated rats received cola beverage ad libitum from weaning (23 days old) until tooth extraction at prepuberty (42 days old) and the tooth sockets were examined either two or three weeks later, at early puberty -the phases of development were defined according to Zanato et al. 14 (1994) . It is worth mentioning that cola beverage ingestion did not interfere perceptibly with the amount of solid food ingested and did not change body weight gain during the experimental period; it is also likely that fluid intake did not differ significantly between animals in the control and cola beverage consuming groups (data not shown).
Histological examination, confirmed by histometric data, showed a significant delay in alveolar bone formation in cola consuming rats at two or three weeks after tooth extraction.
The molecular mechanisms that underlie the disruption of bone metabolism by cola beverage consumption remain unclear. Epidemiological studies of the trend toward replacing milk, a major calcium source, with soft drinks suggest that poor nutrition may be a risk factor that predisposes to bone fracture. 1, 6 In contrast, other reports suggest that decreased milk intake is not associated with increased fracture risk in children 5 and low bone mineral density in adult women. 7 In agreement with these earlier reports, pair-fed rats consuming tap water did not develop signs of bone disorder (hypocalcemia and reduced femoral mineralization) which were observed in rats that ingested high levels of cola drinks. 9 The association between bone metabolism disorders and cola beverage intake has also been attributed to some components of the cola beverage formulation, some of which is confidential with regard to constituents and quantities: the exact composition of the cola beverage syrup is an industrial trade secret.
Among the potentially deleterious constituents, phosphoric acid can reduce 25-dihydroxyvitamin-D synthesis, interfere with intestinal absorption and interfere with renal reabsorption of calcium leading to hypocalcemia and causing secondary hyperparathyroidism which appears insufficient to revert to a low calcium plasma level. 9, 15 Furthermore, cola beverages are rich in caffeine, which has been associated with reduced bone mineral density and increased fracture risk. 16, 17 According to Kinney 18 (2002) , non-cola carbonated soft drinks, which do not contain phosphoric acid or caffeine, have not been associated with fracture risk among Graph 1 -Neoformed bone trabeculae (%) (mean ± SEM) in the alveolar apical third of rats from the control and cola groups at two and three weeks after tooth extraction (one way ANOVA followed by Tukey's multiple comparison test, *statistically significant difference between the cola group and respective control, p < 0.01). children and adolescents. In contrast, a recent epidemiological study suggested that caffeine cannot explain the reduction in bone mineral density in spine of women who ingest cola beverages, since both caffeinated and decaffeinated cola drinks produced similar degrees of bone disturbances. 7 It is known that acidifying dietary constituents may also negatively affect calcium metabolism and accelerate bone resorption. 19 Thus, another possible mechanism underlying the effect on bone metabolism may be the acid load characteristic of cola drinks, which may adversely affect calcium and bone metabolism by increasing bone resorption and calcium mobilization and reducing the renal production of 25-hydroxy-vitamin-D. 9 
Conclusion
In conclusion, ad libitum ingestion of cola beverage from weaning until early puberty disrupted maxillary bone formation in rats, as confirmed by a significant delay in alveolar bone healing.
